There is a rapidly growing literature on cascades in networks whose topology is fixed. This paper considers networks whose topology evolves over time. It extends the concept of 'robust yet fragile' to evolving networks. Such networks can be robust in the sense that the average fitness of the system rises over time. But they are also fragile: the proportion of extinction events which are very large increases.
Summary
The motivation of this paper is to account theoretically for empirical findings which span a range of disciplines. There are two key aspects to how the properties of complex systems evolve as their degree of connectivity increases. First, unsurprisingly, the average fitness of the component agents increases. But, second, the frequency of catastrophic failures on a near-global scale increases. In other words, we are concerned with systems whose properties are not static but which evolve dynamically over time.
For example, in economics, the theory of comparative advantage explains the gains in real income which arise for countries which engage in trade (a result known in theory since at least 1817 (Ricardo) and verified many times). However, Eichengreen et. al. (1996) use a panel of quarterly data for 20 industrial countries for the period 1959-1993 to show that currency crises and associated losses of real output spread more easily between countries which are closely tied by international trade linkages.
The established use of the 'robust yet fragile' nature of networks refers to the cascades which can take place across already established networks with respect to external shocks of the same size. This is essentially a static concept which arises from the robustness or fragility of particular vertices. The focus in this paper, motivated by the empirical examples, is on networks in which the robustness or fragility of the vertices is not given, but which themselves evolve over time.
In contrast to much of the literature, in this paper, we allow the connectivity of the graph to increase over time as a consequence of the self-interested decisions of its component agents. And we consider the consequences of this for the statistical distribution of cascades of failures.
We set up a simple agent-based model which is able to replicate the key empirical features of the evidence cited above. As the connectivity of the networks grows, in general the average fitness for survival of agents increases. But we observe an increase in the frequency of near-global extinctions across the network.
We consider networks which are populated by agents which are heterogeneous in terms of their fitness for survival. The network evolves over time, and in each period agents take self-interested decisions to increase their fitness for survival to form alliances which increase the connectivity of the network.
We examine the size/frequency distribution of extinctions as the network is subjected to external shocks, and how this distribution evolves as the connectivity of the network grows.
We deliberately set up a model which is as simple and parsimonious as possible which at the same time possesses the appropriate properties of robustness and fragility.
So we refrain from incorporating explicitly features which might be more likely to generate such properties. For example, the value of alliances between agents is subject to diminishing returns, so that fitness is not built up either by increasing returns specific to the agent or by externalities which might arise from, for example, a preferential attachment mechanism as a basis for the alliances. In addition, although negative shocks are transmitted between pairs of agents which are connected, the value is attenuated as the shock passes through the paths which connect pairs. Finally, agents which become extinct are replaced with agents which have the same fitness rather than ones whose fitness is drawn at random. The random draw replacement is known to increase on average the overall fitness of the system. We examine:
• The evolution of the average degree of the network • The average degree of the network and average system fitness • The dynamic evolution of the network and its graph theoretic properties • Extinction patterns as the network evolves dynamically We extend the model to incorporate various degrees of bounded rationality on the part of the self-interested agents in the network.
Conclusions and results
The model is deliberately kept very simple, yet is able to account for phenomena observed in such diverse complex systems as trade links and the propagation of both currency crises and disease, outages in the US power grid, and robustness properties of cell biology networks. Increasing the number of connections increases the average fitness of agents, yet at the same time makes the system as whole more vulnerable to catastrophic failure/extinction events on an near-global scale.
In the networks literature, the concept of 'robust yet fragile' is applied to evolved networks. Watts (2002) , for example, writes that 'cascades can therefore be regarded as a specific manifestation of the robust yet fragile nature of many complex systems: a system may appear stable for long periods of time and withstand many external shocks (robust), then suddenly and apparently inexplicably exhibit a large cascade (fragile).
We introduce a further aspect of the concept of 'robust yet fragile'. As a network becomes more connected, its average fitness rises, so that it become more robust with respect to shocks. Yet, at the same time, the proportion of extinction events which are very large, on a near-global scale across the system, increases. The probability of such an event is still very low, but it is considerably greater than in a very weakly connected system. So fragility increases as the connectivity of the network increases.
The properties of the model, and of the real world examples which motivate it, make intuitive sense. Self-interested agents form alliances to increase their fitness, and so the average fitness of the system increases as the number of alliances rises. But the creation of more alliances extends the area over which a shock applies. The impact of any given shock on fitness is transmitted, albeit on a diminishing scale, across a wider proportion of agents.
Agents operate with a minimal degree of cognition, yet the stylised facts emerge from the agent rules and the model replicates key empirical features of reality. This finding is in keeping with other work in the agent based model literature on socio-economic systems.
Assigning even relatively small amounts of additional cognition leads the properties of the model to deviate from the empirical evidence.
An important assumption of the model is, of course, that of diminishing returns to alliances. If all alliances are subject to increasing returns over their entire range (i.e. in terms of the numbers of alliances of any given agent) and the range from which shocks are drawn remains unaltered, then the extinction patterns may alter with the connectivity of the system. Both fitness and shocks are at present bounded in [0,1], but if fitness could exceed 1, the pattern of extinctions might alter. Extinction of an agent with a fitness greater than 1 could still happen, but as a result of two or more shocks, since no single shock would be sufficient. A direction of future research is to examine the sensitivity of results to increasing returns to alliances, in terms of the
